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Resumen: A nivel mundial han surgido estrategias de compensaciones en muchos marcos de trabajo reglamentarios con miras a balancear la conservación de la biodiversidad con el desarrollo. Aunque la teoría y el uso de las compensaciones por biodiversidad en los ecosistemas terrestres están ampliamente documentados, se le ha prestado muy poca atención a las compensaciones en los ecosistemas fluviales. Examinamos la aplicación de las estrategias de compensación a los ecosistemas fluviales y exploramos si sus limitaciones son similares a aquellas de las estrategias de compensación enfocadas en la biodiversidad terrestre. Consideramos las trayectorias típicas de la expansión urbana y sus impactos secundarios físicos, químicos y biológicos sobre los ecosistemas fluviales para presentar un mayor reto para la utilidad de las compensaciones. Argumentamos que la conectividad natural de los ecosistemas fluviales y las redes de drenaje urbano pueden transferir los impactos de la urbanización a lo largo deáreas extensas, lo que complica la noción de la compensación de igual-por-igual y la mitigación efectiva de la pérdida de la biodiversidad. Como alternativas a las compensaciones identificamos opciones en las cuencas de entrada para el control de aguas pluviales como tanques de lluvia, sistemas de biofiltración, y humedales construidos que pueden evitar o minimizar los impactos de las aguas pluviales sobre los ecosistemas fluviales mientras proporcionan beneficios públicos y privados comoáreas verdes, enfriamiento local, y amenidades mejoradas en paisajes urbanos. El principio subyacente del manejo efectivo requiere que los vertidos de aguas pluviales desde los desarrollos urbanos sean capturados, tratados, y utilizados de tal manera que el régimen de vertidos resultantes imite detenidamente al régimen previo al desarrollo urbano. Los obstáculos a enfrentar incluyen la implementación de un manejo afectivo a escala. Se requieren cambios operativos y sociales para superar dichos obstáculos, y se están intentando algunas iniciativas políticas para facilitar la adopción de las opciones en las cuencas de entrada. Creemos que políticas más severas para evitar y minimizar los impactos de la urbanización protegerán de mejor manera a los ecosistemas fluviales y pueden estimular las oportunidades económicas y mejorar la habitabilidad urbana.
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Introduction
Stream ecosystems support a disproportionate number of species compared to terrestrial ecosystems but are seriously under threat globally (Sala et al. 2000; Dudgeon et al. 2006) . In North America for instance, the extinction rate of freshwater fishes in the last century has been conservatively estimated to be over 800 times greater than the background extinction rate (Burkhead 2012) . In this essay we focus on the impacts of urbanization, a global phenomenon driven by rapid population growth. After land conversion from natural cover to agriculture, urbanization is the second most important threat to freshwater ecosystems (Paul & Meyer 2001; Allan 2004) . Even a very small proportion of impervious urban cover can cause profound and disproportionately large negative impacts on stream biota, if the catchment is serviced by conventional stormwater drainage (King et al. 2010; Burns et al. 2012; Walsh & Webb 2016) . Our focus is supported by studies identifying urban stormwater runoff as the primary threat to instream biodiversity, because it has consistently been found to be the primary driver of manifold impacts on stream ecosystems (Walsh et al. 2005a ). The threat from urban growth to freshwater biodiversity is not confined to local areas but extends to losses at a regional scale.
Currently just over 50% of the world's human population lives in urban areas, but this is expected to reach 66% by 2050 with cities, towns, and suburbs needing to accommodate an additional 2.5 billion people globally (UN DESA 2015). The trend is accompanied by massive increases in impervious urban cover and fast-draining stormwater systems. For example, in East-Southeast Asia, urban land increased ß22% (from 155,000 km 2 to 189,000 km 2 ) in just 10 years between 2000 and 2010 (Schneider et al. 2015) .
If the scale of land conversion is large, or if urbanization coincides spatially with narrowly distributed taxa of conservation concern, urban expansion can directly threaten local and regional biodiversity. For example, in the urban expansion of the metropolitan area of Concepción, Chile from 1975 to 2000 , Pauchard et al. (2006 found a net loss of 1,734 ha (23% of the original) of wetlands and riparian ecosystems. Aquatic biodiversity affected by these losses included an endangered endemic fish species, and other endangered frog and bird species (Pauchard et al. 2006) . In Georgia, USA, the Etowah River overlaps a global hotspot of fish endemism and Wenger et al. (2010) described the process of developing a plan to manage increasing urban impacts-particularly stormwater runoff-to standards necessary to ensure the persistence of 3 affected endemic fish species listed under the US Endangered Species Act.
Biodiversity offset schemes have emerged in many statutory frameworks relating to urban planning and development approval worldwide to try to balance conservation and development (McKenney & Kiesecker 2010) . Offsets are not a "conservation investment tool" aimed at conservation of biodiversity and/or ecosystem servicesrather, they are a compensatory mechanism that explicitly acknowledges biodiversity losses whether due to human-induced habitat destruction, degradation, or long-term disturbance in one location, and seeks to recompense through delivering equivalent gains in another location. The most common objective in offset schemes is "no net loss and preferably a net gain" (BBOP 2009 ).
There is a growing understanding of the theory and use of biodiversity offsets in terrestrial environments (e.g., Bull et al. 2013; Chee 2015) , but little attention has been paid to their applicability in stream ecosystems. We begin with a brief overview of the legal and regulatory context for biodiversity offsets in freshwater ecosystems, and a summary of issues that undermine the effectiveness of offsets. We then discuss typical trajectories of urban expansion and their cascading physical, chemical and biological impacts on stream ecosystems. We argue the highly connected nature of stream ecosystems is amplified by urban stormwater drainage networks. This can transfer the suite of direct and indirect impacts of urbanization across wide areas, complicating loss-gain calculations, the notion of equivalent or like-for-like exchange, and the prospect of achieving no net loss of ecosystem service and biodiversity via offsets. Instead, we argue, there are in-catchment options for stormwater control, which can avoid or minimize the impacts of development on downstream ecosystems, while presenting additional opportunities for human welfare . We describe the principles of these alternatives and the challenges and opportunities associated with their uptake.
The rise of biodiversity offset schemes
Biodiversity offset schemes have greatly increased in popularity in the last decade . Globally, most schemes are concerned with terrestrial biodiversity and do not extend to freshwater aquatic ecosystems (e.g., Brazil's Forest Code, see Soares-Filho et al. 2014) , although there are some exceptions (Table 1) . The largest and longest-running freshwater offsets scheme is the USA's compensatory mitigation and wetland banking program, established under the permitting program in section 404 of the Clean Water Act in the late-1970s (Robertson & Hough 2016) . Operationally, in the first few decades, the program largely focused on wetlands, but the "2008 Rule" issued by the US Army Corp of Engineers and the US EPA clarified the requirement for compensation for stream impacts (Stokstad 2008; ELI et al. 2016) .
Urban stormwater runoff impacts are our particular focus in this essay. As is evident from Table 1 , individual schemes in different jurisdictions vary considerably in their treatment of stormwater impacts as a driver of biodiversity loss; some address the effects in detail, while others make no mention of stormwater impacts whatsoever (Table 1 , column 4).
The idea of offsetting is that biodiversity and environmental losses resulting from development at a site can be compensated for by gains elsewhere. This notion has been widely debated and remains controversial. At the World Forum on Natural Capital in November 2013, 140 international organizations made a statement opposing biodiversity offsetting (Hrabanski 2015) due to concerns that offsets are failing to prevent biodiversity loss, and are opening up natural resources to further exploitation (Fern 2013) .
However, offsetting is typically designated as the option of last resort, to compensate for residual impacts after genuine attempts have been made to avoid, minimize and mitigate impacts from development activities (BBOP 2009 ). This framing of offsets as the last option in the mitigation hierarchy-reserved as a compensation measure for residual impacts-is the prime defense against criticism that offsets simply allow payment for a "license to trash." In theory, proper impact assessment recognizes that there may be limits to what can be offset and situations where significant residual impacts cannot be fully compensated for by offsetting may result in development proposals being rejected (BBOP 2009). In practice, however, projects often receive approval to proceed in spite of significant residual and irremediable impacts on biodiversity, if the expected economic, social, or political benefits are deemed to outweigh the environmental costs (Hill & Arnold 2012; Brownlie et al. 2013) . Recent examples include the Maules Creek and Mount Thorley-Warkworth coal mines in New South Wales, Australia (NSW PAC 2012; NSW PAC 2015a, b). In our view, failure to adhere to the mitigation hierarchy, and/or to uphold the principle of respecting the limits to what can be offset, undermines the legitimacy of offsets.
Evidence demonstrating the effectiveness of biodiversity offset schemes in achieving no net loss in different habitat types is still rudimentary (Harper & Quigley 2005; Quigley & Harper 2006a,b; Curran et al. 2014 Curran et al. , 2015 , and examples of confirmed successful offsetting are rare (e.g., Pickett et al. 2013 ). Furthermore, a growing body of literature identifies a range of conceptual, operational and practical issues that undermine the integrity of offset schemes. These relate to offset design, accounting, governance and compliance. Examples include: simplistic offset metrics or currency for loss-gain calculations that fail to reflect complex biodiversity values of interest, or the population viability of a threatened species (Palmer & Filoso 2009; Maron et al. 2012) , inappropriate baseline scenarios used to estimate expected gains (Gordon et al. 2011; Bull et al. 2014; Maron et al. 2013 Maron et al. , 2015 , inadequate multipliers to account for uncertainty and time lags in delayed gains from restoration actions (Moilanen et al. 2009; Laitila et al. 2014) , and the creation of perverse incentives that can exacerbate biodiversity loss . From the perspective of dendritic stream ecosystems, we describe an additional problem-the difficulty of quantifying biodiversity in loss-gain assessments when the direct and indirect impacts of urbanization propagate and accumulate far beyond the development footprint.
Can freshwater biodiversity loss caused by urbanization be offset?
Impervious urban cover, such as roofs and roads, blocks infiltration, and sheds precipitation thereby generating stormwater runoff more frequently and in greater volumes than vegetated soils. Conventional stormwater management (sensu Burns et al. 2012 ) drains impervious areas and conveys the runoff directly to streams via pipes, entirely bypassing natural flow paths that allow for the uptake, infiltration, and retention of runoff.
This urban stormwater runoff is the primary driver of "urban stream syndrome" (Walsh et al. 2005a )-a multitude of direct and indirect impacts such as: chemical and thermal pollution (from greater volumes of unfiltered runoff carrying increased nutrient and toxicant concentrations); altered hydrology (e.g., "flashier" flows and
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Volume 32, No. 4, 2018 increased frequency of erosive flows); and altered geomorphology (because greater frequency of erosive flows increase channel erosion, scour, and ultimately reduces channel complexity). Together, hydrologic and geomorphic stream changes also affect hydraulic conditions such as velocity profiles and hyporheic dynamics, fundamentally changing these in-stream habitat parameters (Paul & Meyer 2001) .
Collectively and interactively, these diverse impacts originating from urban stormwater runoff drive profound changes to stream biodiversity-typically resulting in the loss or lowered abundance of sensitive biota and impairing ecological processes such as nutrient cycling-as they degrade water quality, stream habitat quantity and quality.
The highly connected nature of stream ecosystems, particularly those receiving stormwater runoff from conventional drainage networks, presents a fundamental problem for offsetting because the adverse impacts of urbanization propagate well beyond the footprint of the land used, to downstream receiving environments. If even small parts of catchments (<1-5%) are covered by impervious surfaces and conventionally drained, the hydrology of receiving streams is usually altered, resulting in the loss of many in-stream species (e.g., King et al. 2010; Walsh & Webb 2016) . Such degradation of streams also results in increased export of nutrients and other pollutants to downstream waters that can lead to eutrophication of larger downstream aquatic ecosystems such as coastal embayments (e.g., Harris et al. 1996; Filoso & Palmer 2011) .
Even if one were to make the heroic assumption that the biodiversity losses propagating downstream from a conventionally drained urban development could be equivalently preserved in the aquatic ecosystems of another catchment, true offsetting of losses from a small development in one catchment would require the preservation of the entirety of the second catchment. Opportunities for such large-scale offsetting in urban settings are likely to be rare, and the costs prohibitive. Furthermore, distributions of stream species and communities are governed by physiography and other environmental and biotic characteristics within drainage systemscollectively, these factors compound the difficulty of achieving like-for-like offsets.
In practice, attempts to offset the impacts to stream ecosystems of urban development have predominantly focused on manipulation of habitat features in streams downstream of the development. Such approaches have consistently failed to mitigate the loss of species, whether through habitat compensation schemes specifically designed to offset species loss (Harper & Quigley 2005; Quigley & Harper 2006a,b) , or through stream restoration activities (e.g., Larson et al. 2001; Violin et al. 2011 ). The oft-repeated conclusion from such studies is that effective reversal of the impacts of conventional urban stormwater drainage can only be achieved by matching the scale of the management response to the scale of the impact, requiring interventions in the catchments to reduce the increased hydrologic connectivity to streams (Bernhardt & Palmer 2011) .
Attempting to offset the impacts of conventionally drained urban development on downstream waters is thus a fraught endeavor. Designing (let alone implementing) offsets that could be considered equivalent compensation for the various types of stream ecosystem losses due to urbanization exceeds our current level of knowledge (Stokstad, 2008; Shields 2009 ), presenting a situation where we ought to recognize and acknowledge the limits of what can be offset (Chee 2015) . However, although the impacts of conventionally drained urbanization on stream ecosystems may be a special case where offsetting is not possible, avoiding these impacts in the first place via alternative means of stormwater management may be a feasible strategy.
Avoidance and minimization of urban stormwater impacts
The degradation of stream ecosystems, including large losses of biodiversity, is almost universally observed in the cities of the world (Walsh et al. 2005a; Booth et al. 2016) . However, there are rare exceptions that point to the potential for effective protection of streams from the impacts of urbanization. Walsh et al. (2012) drew a contrast between 2 urban streams in eastern Melbourne, Australia, both with approximately 10% of their catchment covered by roofs and roads. Little Stringybark Creek receives flows from conventional stormwater drainage, and experienced substantial adverse alterations to flow regime, water quality, channel form, and ecological structure and function. In contrast, runoff from the impervious surfaces in the catchment of Sassafras Creek is either harvested or informally drained into well-vegetated catchment soils, and Sassafras Creek has retained flow, form, and ecological structure and function that is similar to nearby forested streams. Although the catchments of these streams are not highly urbanized, they are sufficiently developed to demonstrate the impact of conventional drainage on receiving streams, and the possibility of avoiding degradation via alternative means of stormwater management. Notably, urban streams of this region that lack conventional drainage systems support populations of the threatened, stream-dwelling amphipod Austrogammarus australis (Walsh et al. 2004 ), pointing to the potential for alternative urban stormwater management to better protect significant species.
Drawing on these studies, among others, proposed principles that can be applied to avoid degradation in nearly all urban landscapes that drain to a
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Volume 32, No. 4, 2018 receiving stream. The principles prescribe the adequate management of runoff from all impervious surfaces on established, redeveloped and newly developed properties. That is, stormwater runoff should be retained for harvesting or lost through evapotranspiration, with a smaller proportion of runoff released as baseflow following adequate treatment. The resultant runoff regime needs to closely mimic the pre-developed state, including all storms that would not have produced widespread surface runoff under pre-developed conditions.
There are other significant public and private benefits if stormwater control measures (SCM) can be adopted to capture and reuse urban stormwater close to the source . For example, excess stormwater in urban catchments provides opportunities to augment conventional water supply by means of rainwater and stormwater harvesting (Jonasson & Davies 2011) . Other potential benefits include local flood-risk mitigation (Burns et al. 2015) and urban cooling (Coutts et al. 2012) . These benefits can help avoid long-term costs in urban development and redevelopment, making the business case for investing in SCMs more compelling (Vietz et al. 2014) .
However, there are important challenges to achieving adequate levels of SCM implementation that would effectively avoid and minimize stormwater impacts on instream biodiversity. SCMs such as rainwater tanks, biofiltration systems (i.e., raingardens) and constructed wetlands (Walsh et al. 2005b ) are commonly applied by private and public developers under the banner of water sensitive urban design (WSUD), sustainable urban drainage (SUD), and low impact design (LID). However, the design and implementation guidelines do not go far enough, as they typically set far narrower and lower stormwater capture, treatment and reuse targets than is likely required to protect urban streams . Furthermore, SCMs are often funded through stormwater offset charges collected by local government and water authorities from private land developers who elect not to adequately remove pollutant loads from stormwater generated on site (Melbourne Water 2006; US EPA 2007 , 2008 Water By Design 2014) . The option to offset in these instances reflects the common ruling in planning approvals that pollutant loads from diffuse and point sources can be traded as "like-for-like." We argue that these measures alone are insufficient to protect urban streams and therefore unlikely to achieve "no net loss" of downstream biodiversity values.
The technological know-how to avoid and minimize impacts of urbanization on stream ecosystems is well ahead of implementation . Application of these principles at sufficient intensity and scale requires re-conception of urban stormwater from a "nuisance" factor to be drained away as efficiently as possible, to a potential resource. It requires changes in engineering and construction conventions from hydraulically-efficient networks routed directly to receiving streams, to SCMs which may consist of different technologies, and be distributed in different configurations within the catchment. It requires changes in social understanding and norms, and these in turn require education, entrepreneurship, political will, and leadership to enable system-wide change. In the next section, we highlight some impeding and enabling social, political, and economic conditions.
Making advances toward landscape-scale stormwater management
Achieving landscape-scale stormwater management that will effectively protect downstream biodiversity will require more holistic policy measures. This comes with significant socioeconomic and political challenges. For example, housing affordability and cost-of-living concerns exert strong pressures to minimize the financial burden of adequate in-catchment SCMs being passed on to households and businesses. Nevertheless, small-scale trials of different policy options are being used to explore the private and public benefits that can be unlocked through SCM investment.
In Philadelphia, industrial and commercial property owners are required to participate in a stormwater fee and crediting system designed to drive private investment in SCMs (Valderrama et al. 2013) . In essence, these property owners can avoid stormwater fees by installing SCMs that treat the quality and quantity of stormwater runoff from impervious areas on their land. The program relies, in part, on the operational savings (in the form of reduced fees) at some point in the future outweighing the initial and ongoing costs of SCM installation and maintenance. However, voluntary schemes that excuse the involvement of some nonresidential and all residential development from adequate stormwater management are still unlikely to protect against the loss of downstream biodiversity values.
Alternatively, regulations that target urban development and renewal can ease the immediate burden on established property owners. For example, the Yarra Ranges Council in eastern Melbourne, Australia, is trialing an Environmental Significance Overlay (ESO) for the Little Stringybark Creek catchment that requires landowners to implement SCMs to treat stormwater generated by any new impervious construction with a footprint greater than ten square meters (Rossrakesh et al. 2012; Prosser et al. 2015) . The objective is to avoid any further degradation of the receiving stream, and to help improve ecological conditions over time, as old developments are replaced by new ones that incorporate SCMs.
This small-scale use of regulation to foster the implementation of biophysical principles for stream protection was made possible by long-term engagement between
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Volume 32, No. 4, 2018 researchers, local government, regional urban waterway managers, and the catchment community (Bos & Brown 2015; Burns et al. 2015; Prosser et al. 2015; Walsh et al. 2015) . Their implementation at larger scales will require the benefits to be demonstrated to catchment communities, and to the diverse management institutions typical of cities (Prosser et al. 2015) . These include not only the benefits to biological conservation and protection of instream ecosystem function, but the co-benefits to human urban populations of in-catchment stormwater retention. A primary co-benefit that remains under-realized globally is the large water resource presented by urban stormwater runoff , requiring greater engagement between stormwater managers and water supply managers.
Adoption of such opportunities at sufficiently large scales to achieve regional conservation outcomes remains elusive. The protection of threatened species such as A. australis in urban catchments through avoidance of conventional stormwater drainage (Walsh et al. 2004) suggests that adequately managing stormwater runoff should be a primary action for conservation of instream biota in urbanizing catchments. The question of the potential for recovery to be limited by residual impacts of urbanization such as deforestation and human access along riparian corridors remains open until the primary problem of urban stormwater has been adequately addressed and conservation outcomes monitored.
In the absence of greater social, entrepreneurial, and political will, offset schemes tend to favor a business-asusual approach to development that stifles investment in developing and trialing new ways of reducing adverse stormwater impacts. With a stronger position on avoidance and minimization of adverse impacts, government policy can encourage and even support entrepreneurial ventures to improve social and environmental outcomes through new technical solutions, business models and supply-chain strategies.
In the case of freshwater ecosystems in urbanizing landscapes, we argue the economic trade-off between development and conservation can be substantially reduced once the long-term co-benefits of adequate stormwater management are accounted for. This will also open the door for new competition and innovations in urban and rural water markets to enable adequate storage, treatment and trade of dispersed water resources.
Conclusion
As highlighted previously, biodiversity losses in stream ecosystems commence at very low levels of (conventionally drained) impervious cover in the catchment (<1-5%). In terrestrial ecosystems such as forests, biodiversity decline from the combined impacts of habitat loss, fragmentation, and disturbance is also frequently nonlinear. Some modeling and empirical studies link extinction thresholds to situations where <30% of habitat remains in the landscape at which distance between habitat patches begins to increase exponentially (Pardini et al. 2010; Hanski 2011; Estavillo et al. 2013) . Threshold effects have also been reported with respect to restoration success. In a meta-analytic study involving multiple taxa, Crouzeilles and Curran (2016) found that uncertainty in restoration increased when contiguous forest cover fell below 50%. These findings in terrestrial and freshwater ecosystems testify to the difficulties of counteracting the complex, cumulative, and interacting stressors in land conversion. More pointedly, these findings provide fair warning that for any given landscape where remaining habitat or level of impervious cover is close to threshold limits, it would be highly uncertain whether offsets (even with generous multipliers) could possibly deliver "no net loss."
Although policies promulgate the mitigation hierarchy of avoid, minimize, mitigate and only finally, offset, it is widely recognised that avoidance is more often ignored than adhered to (Hough & Robertson 2009; Burgin 2010; Clare et al. 2011) . The reliance on compensation has led to a great deal of critical evaluation of the conceptual basis of biodiversity offset schemes and practical determinants of successful outcomes, which has led to constructive recommendations for policy reform and best-practice operational guidelines (Hough & Robertson 2009; Hrabanski 2015) . As Hough and Robertson (2009) point out, a similar investment in improving the effectiveness of avoidance and minimization could deliver the desired outcomes, but virtually no work has been done on this front. We hope that the alternatives we have described for avoiding and minimizing impacts on streams in urbanizing landscapes advances the conversation on how conceptual, technical, and business innovations in stormwater management can provide viable pathways to protect stream ecology and biodiversity.
